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Alloys of hexagonal δ-phase UZr2 have been synthesized and studied by means of heat capac-
ity, magnetic susceptibility, magnetization, electrical resistivity, magnetoresistance, thermoelectric
power, thermal conductivity measurements, for the first time, at temperatures from 1.8 to 300 K
and in magnetic fields up to 8 T. The weak temperature dependence of the magnetic susceptibility
and the small value of both Seebeck (0.75 µV/K at room temperature) and of the Sommerfeld coef-
ficient (13.5 mJ mol−1 K−2) point to 5f -electrons in this material having a delocalized nature. The
electrical resistivity and magnetoresistance indicate the presence of significant electronic disorder in
δ-UZr2, consistent with the disorder in its crystal structure. Density functional theory calculations
have been performed and compared to experimental results.
I. INTRODUCTION
Actinide systems show a large variety of ex-
otic behavior coming from 5f -ligand hybridiza-
tion. Depending on the strength of this pro-
cess, unusual behavior has been observed in
both actinide metals and alloys [1–5]. The bi-
nary UX2 system in particular is an interest-
ing playground for exploring behavior originat-
ing from the dual nature of 5f -electrons, and
a focus area for search for new electronic phe-
nomena in actinide materials. As shown in Fig-
ure 1, the properties of these alloys vary from
correlated magnetism, via spin fluctuations, to
unconventional superconductivity. For exam-
ple, USb2 shows both itinerant and localized
characters of 5f -electrons [6] with an antifer-
romagnetic (AFM) ordering below TN = 203
K [7, 8], while UAl2 exhibits delocalized 5f -
states and spin fluctuations [9]. More recently,
Ran et al. reported the discovery of spin-triplet
superconductivity in UTe2, featuring a tran-
sition temperature of 1.6 K and a very large
and anisotropic upper critical field exceeding
40 T [10]. For δ-UZr2, despite some infor-
mation in the literature on its crystal struc-
ture and phase transformations [11–13], its elec-
tronic, transport, and magnetic properties are
mostly unknown.
Recently, there has been a renewed interest
in the U-Zr system due to its technological im-
portance as a promising metallic nuclear fuel.
The intermediate δ phase is formed on cooling
from the high temperature γ phase. Akabori et
al. determined the homogeneity range of the δ
phase, which is 64.2-78.2 at% Zr at 600 ◦C and
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66.5-80.2 at% Zr at 550 ◦C [11]. In the uranium-
rich range of the U-Zr phase diagram, transmis-
sion electron microscopy (TEM) studies also re-
veal the coexistence of the α and δ phases with
an alternating lamellar structure [14]. The δ
phase has hexagonal structure with the lattice
parameters a = 5.034 A˚ and c = 3.094 A˚ [12].
According to high-resolution neutron diffraction
measurements [15] and density-functional calcu-
lations [16], the corner (0, 0, 0) sites are occu-
pied solely by the Zr atoms, whereas the two
inner positions at ( 23 ,
1
3 ,
1
2 ) and (
1
3 ,
2
3 ,
1
2 ) are
randomly shared by U and Zr atoms, character-
istic of disordered structures.
In this paper, we focus on the physical prop-
erties of δ-UZr2, for the first time, measured
from 1.8 to 300 K and under magnetic fields
up to 8 T. We show that all results obtained
strongly point to the presence of delocalized 5f -
electrons in this material. Furthermore, the
transport properties show characteristics typ-
ical of disordered metallic systems. We also
performed electronic structure calculations and
compare the results to experimental measure-
ments.
II. EXPERIMENTAL DETAILS
Polycrystalline samples with nominal compo-
sitions δ-UZr2 were synthesized by arc melt-
ing stoichiometric amounts of the elements in
a Zr-gettered ultra-pure argon atmosphere [36].
The samples were examined by TEM and x-ray
diffraction measurements. The crystal struc-
ture is shown to be hexagonal with the AlB2
structure type, S.G. P6/mmm with the lat-
tice parameters a = 5.036 A˚ and c = 3.094 A˚.
The values of the lattice parameters are very
close to those derived previously [12]. Also,
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FIG. 1. (Color online) Summary of the magnetic properties, crystal structures, and magnetic ordering
temperatures of UX2 system. Color 45% blue is used to mark ferromagnetic ordering, 55% yellow for AFM
order, 65% teal for superconductivity, 65% red for spin fluctuation, and 50% gray for paramagnetism. It is
worth noting that in the case of UAu2 a serious controversy about its magnetic properties still remains [25].
no other diffraction peaks than expected for
AlB2 of the structure were observed. Magne-
tization, resistivity, heat capacity, Seebeck ef-
fect, and thermal conductivity measurements
have been performed using a Quantum Design
PPMS DynaCool-9 system equipped with a 9
T superconducting magnet with VSM, ETO,
HCP and TTO options. Density Functional
Theory (DFT) calculations within the Local
Density Approximation (LDA) [37] were per-
formed using the Projector Augmented Wave
(PAW) method [38, 39], as implemented in
the VASP code [40–43]. A plane wave basis
with a kinetic energy cutoff of 520 eV was em-
ployed. We used a Γ-centered k-point mesh of
20×20×20. The crystal structure was relaxed,
yielding lattice parameters of a1 = (a, 0, 0),
a2 = a/2(−1,
√
3, 0), and a3 = (0, 0, c), where a
= 5.12036A˚, c = 2.78937A˚.
III. RESULTS AND DISCUSSION
The temperature dependence of the heat ca-
pacity Cp(T ) of δ-UZr2 measured from 1.8 to
270 K is shown in Fig. 2(a). At 270 K, the value
of Cp is close to 77.5 J mol
−1 K−1. This value
is slightly higher than the theoretical Dulong-
Petit limit 3nR = 74.8 J mol−1 K−1, where n
is the number of atoms per formula unit (f.u.)
and R is the gas constant. The inset shows the
low-temperature heat capacity plotted as Cp/T
vs. T 2. The red line is a fit of Cp = γT + βT
3,
where γ is the Sommerfeld coefficient that is
proportional to the electronic DOS, and β is a
term related to the Debye temperature. A small
deviation from the fit occurs below 4 K, which
might indicate the presence of some additional
low-energy excitations. The γ value obtained
from the fit is 13.5 mJ mol−1 K−2. An estima-
tion of the electronic heat capacity (Cel = γT )
at 270 K gives 3.6 J mol−1 K−1, which is close to
the deviation 2.7 J mol−1 K−1 observed at 270
K. This indicates that the 5f -electrons in the
δ phase are only weakly correlated. The elec-
tronic DOS at the Fermi energy EF calculated
by expression N(EF ) =
3γ
pi2k2BNA
is about 5.7
states/(eV f.u.), where kB is Boltzmann con-
stant and NA represents the Avogadro num-
ber. The Debye temperature of δ-UZr2 can be
derived by the formula ΘD = (
12nRpi4
5β )
1
3 and
equals to 225 K.
Figure 2(b) shows the temperature depen-
dence of the magnetic susceptibility χ(T ) of
δ-UZr2, measured from 5 to 300 K in mag-
netic field of 5 T. The χ(T ) shows a weak tem-
perature dependence with no sign of magnetic
phase transitions. Below 25 K an upturn is
present, presumably due to the existence of very
small amounts of paramagnetic impurities in
the samples (most probably lanthanides), which
follows the Curie-Weiss law. For comparison
(marked by orange circles), we have also in-
cluded the temperature dependence of the mag-
netic susceptibility χP (T ) of an α-U single crys-
tal along [100] (extracted from Ref. [44]). As
can be seen, the magnetic susceptibility of α-
U is of the Pauli-type, which shows a very lit-
tle temperature dependence with a small de-
crease as the temperature decreases across the
whole temperature range. Ross and Lam sug-
gested that the change of χP (T ) might be due
to changes in the relative positions of the Bril-
louin zones and the Fermi surface as the sample
contracts anisotropically with decreasing tem-
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FIG. 2. (Color online) (a) Temperature dependence
of heat capacity of δ-UZr2 from 1.8 to 270 K. The
dashed line is the Dulong-Petit limit. Inset shows
Cp/T versus T
2 below 7 K, the red line is a linear fit.
(b) Temperature dependence of the magnetic sus-
ceptibility measured at µ0H = 5 T and in the tem-
perature range 5 - 300 K. Orange dots represent the
χP (T ) of α-U single crystal measured along [100],
data taken from Ref. [44]. Inset: magnetic field de-
pendence of magnetization at T = 2 K. The blue
dashed line shows the calculated zero-temperature
Pauli magnetization.
perature [44]. The overall magnitude and tem-
perature dependence of the magnetic suscepti-
bility of δ-UZr2 is similar to that of α-U metal.
In addition, the magnetic susceptibility of δ-
UZr2 is larger than that of α-U. This might in-
dicate the presence of a slightly larger density of
states (DOS) in δ-UZr2 than in α-U. The inset
displays the magnetic field dependence of mag-
netization M(H) measured at 2 K. The mag-
netic moment induced at 8 T is only ∼ 0.01
µB , suggesting delocalized 5f -electrons. Take
into account N(EF ) obtained above and using
the free electron Fermi gas model, the zero-
temperature Pauli magnetization could be cal-
culated with MP (H) = µ
2
BN(EF )µ0H, where
µ0 is the vacuum permeability. As displayed by
the blue dashed line, the so-obtained MP (H)
is compared to the measured magnetization of
δ-UZr2. The underestimation of MP (H) might
be related to the presence of the small amount
of paramagnetic impurities that are not taken
into account in this analysis.
Temperature dependence of the electrical re-
sistivity ρ(T ) of δ-UZr2 is shown in Fig. 3(a).
The overall shape and magnitude of ρ(T ) is typ-
ical for uranium intermetallic compounds [22,
45]. The residual-resistivity ratio (RRR), de-
fined as ρ(300K)/ρ(0K) is low and estimated
to be ∼1.05. This indicates that δ-UZr2 is
an electronically disordered system, consistent
with disorder in its crystal structure. In gen-
eral, the low-temperature electron scattering on
defects and dislocations results in just a shift
in the electrical resistivity towards higher value
and hence lowering the RRR value. It will not,
however, affect the temperature dependence of
resistivity. Besides the s-shaped ρ(T ) [22],
there is an upturn at low temperatures with
the resistivity minimum at 15 K. The low-
temperature resistivity upturn, observed in 4f -
and 5f -electron materials is usually associated
with Kondo effect [46, 47]. However, in δ-UZr2,
this seems to be unlikely because the magnetic
susceptibility shows no signatures of localized
5f -electrons and the magnetoresistance (MR)
is small and positive (see below). Interestingly,
the low-temperature resistivity upturn and pos-
itive MR have also been observed in ThAsSe [48]
and M -As-Se (M = Zr, Hf, Th) phases [49].
Such behavior has been interpreted as a signa-
ture of the non-magnetic Kondo effect. How-
ever, to draw any firm conclusions on the nature
of the low temperature behavior in this mate-
rial, more studies are required. The inset of
Fig. 3(a) shows the magnetic field dependence of
MR, defined as ∆ρ/ρ0 = (ρ(H)−ρ0)/ρ0, where
ρ0 is the resistivity under zero magnetic field.
The value of MR exhibits a very weak field de-
pendence and, at 2 K and 8 T, it reaches only
0.2%. The red line is a fit of ∆ρ/ρ0 = AH
B
to the experimental data, where A and B are
fitting parameters. The analysis gives B = 1.2
which is smaller than the value of 2 that is ob-
served in normal metals.
Fig. 3(b) shows the temperature dependence
of the Seebeck coefficient S(T ). The overall be-
havior and magnitude of S(T ) is characteris-
tic of metallic materials. The positive value of
the Seebeck coefficient might indicate that hole-
type carriers dominate the electrical and heat
transport. In addition, assuming a single-band
model and scattering from atomic disorder be-
ing dominant at high temperatures, the Fermi
energy can be approximated by EF =
k2Bpi
2T
3eS .
This gives a value of EF = 9.78 eV being sim-
ilar to those characterizing simple metals [50].
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FIG. 3. (Color online) Transport properties of δ-
UZr2. (a) Temperature dependence of resistivity.
Inset shows the field dependence of MR at 2 K. Red
line shows H1.2 behavior. (b) Temperature depen-
dence of Seebeck effect from 5 to 300 K. (c) Tem-
perature dependence of thermal conductivity from 5
to 300 K. The black solid line is the calculated elec-
tron contribution κel, while the black dashed line
shows the subtracted phonon part κph. The blue
dashed line shows the estimated minimum phonon
contribution to the total thermal conductivity.
The estimated effective carrier concentration is
of the order of 1028 m−3.
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FIG. 4. (Color online) (Left panel) Electronic band
structure of δ-UZr2 computed within DFT (LDA),
where the red points indicate the degree of 5f -
orbital projection for the respective Kohn-Sham
Eigenstate. Reciprocal lattice points and distances
are given in lattice coordinates. The Fermi energy
is at 0, and denoted with a thin line. (Right panel)
Corresponding DOS, where blue and red indicate
total and 5f -projection, respectively.
Fig. 3(c). In intermetallic samples, the ther-
mal conductivity κ is the sum of electron and
phonon contributions: κ = κel + κph. The solid
line shows the temperature dependence of ther-
mal conductivity of electrons, which is calcu-
lated by the formula κel(T ) = LT/ρ(T ), where
L is Lorentz number. After subtraction, the
temperature dependence of the phonon contri-
bution is shown as the dotted line. In the con-
text of the presence of the atomic disorder in
δ-UZr2 and its impact on thermal transport,
it is worthwhile to compare the measured lat-
tice thermal conductivity to the theoretically
achievable minimum of the phonon contribution
to the total thermal conductivity. If no distinc-
tion is made between the transverse and longi-
tudinal acoustic phonon modes, the latter may
be expressed by [51]:
κmin(T ) =
(
3nv
4pi
) 1
3 (kBT )
2
}ΘD
∫ ΘD
T
0
x3ex
(ex − 1)2 dx,
(1)
where x = }ω/kBT . In the the above equation,
ω is the phonon frequency, nv is the number of
atoms per unit volume, and } is the reduced
Planck constant, respectively. By taking into
account ΘD = 225 K and nv = 4.4 ×1028 m−3
appropriate for δ-UZr2, the obtained κmin(T )
curve is shown in Fig. 3(c).
In order to gain insight into the electronic
structure, we perform baseline calculations us-
ing DFT within LDA. Since the electronic cor-
relations are not very strong in δ-UZr2 (as in-
5dicated by the relatively low value of Sommer-
feld coefficient), this approach should give us
an overall picture of the electronic structure in
this material. We first note that DFT predicts
a magnetic instability, in contradiction with ex-
periments. The presence of magnetism within
DFT suggests that local correlations will be rel-
evant, and a detailed exploration of this is be-
yond our current scope. We restrict ourselves to
the non-spin-polarized state, and characterize
the electronic structure at this level. DFT re-
sults for the 5f -projected electronic band struc-
ture and DOS are provided in Figure 4, where
the width of the red points denotes the degree
of 5f -projection of the Kohn-Sham Eigenvector.
The relatively flat f -bands lead to large peaks
in the DOS; one of which is nearly at the Fermi
energy. The total DOS at the Fermi energy
is approximately 12.3 states/(eV f.u.), larger
than the experimental value of 5.7 states/(eV
f.u.), though allowing magnetism and/or disor-
der would greatly reduce this value. This key
comparison between experimental and theoret-
ical results point to future work, using more so-
phisticated analysis such as DFT + DMFT (to-
gether with disorder effects), to properly cap-
ture the nonmagnetic, metallic state in this sys-
tem.
IV. CONCLUSIONS
In summary, we report on the magnetic,
transport, and thermal properties of the δ-phase
UZr2, for the first time, measured from 1.8 to
300 K and under magnetic fields up to 8 T. All
the results obtained, especially a Pauli type of
magnetic susceptibility, small Seebeck and Som-
merfeld coefficient strongly point to the pres-
ence of delocalized 5f -electrons in this material.
Transport properties, especially the small RRR
value, are indicative of electronic disorder in this
metallic system, consistent with its disordered
crystal structure. We also performed electronic
structure calculations and compare the results
to experimentally obtained for the total DOS
at the Fermi energy. Although the calculations
support the presence of the delocalized 5f states
in δ-UZr2, some discrepancies exists, mainly due
to the effects of strong electronic correlations
that are not sufficiently captured by the LDA.
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